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Modificazioni dell’organismo materno in 
gravidanza 

Componenti dell’incremento ponderale 
 

Contributo fetale: 30-40% 
Contributo materno: 70% 



Aumento ponderale in gravidanza 

�  E’ variabile, mediamente 10 Kg 

�  Dipende dal preso pre-gravidico, e dovrebbe essere 
maggiore nelle donne sottopeso, minore nelle donne 
sovrappeso 

�  Ha un rapporto con l’esito della gravidanza, con 
aumento degli esiti sfavorevoli sia per incrementi troppo 
piccoli che troppo grandi 



Aumento ponderale in gravidanza 

�  Non ‘mangiare per due’ 

�  Le energie richieste dalla gravidanza sono 
fisiologicamente compensate più da una diminuzione 
delle attività fisiche che da un aumento della 
assunzione di calorie 

�  Un eccessivo aumento ponderale in gravidanza è un 
importante fattore di rischio per l’obesità 



Aumento ponderale in 
gravidanza 

�  Dopo il primo trimestreà il peso corporeo della gravida 
aumenta in modo proporzionale all’avanzare dell’età 
gestazionale per accumulo di proteine e di lipidi corporei. 

�  Ultime dieci settimaneà aumenta anche il volume dei liquidi 
interstiziali.  

�  L’introito calorico dovrebbe corrispondere al fabbisogno 
giornaliero:  

costo energetico a riposo +  

dispendio per l’attività fisica +  

effetto termico (azione dinamico specifica) degli alimenti 

 



Fabbisogno calorico in 
gravidanza 

Calorie giornaliere necessarie durante la gravidanza = 2.550 a 
2.700 per quasi tutte le donne.  

Il National Research Council ha raccomandato un aumento di 
300 calorie/giorno rispetto alla situazione pre-gravidica 

 

Da individualizzare in base a :  

�  indice di massa corporea prima della gravidanza,  

�  velocità d’aumento ponderale,  

�  età materna,  

�  attività fisica  



BMI  
SOTTOPESO < 18.5  
NORMOPESO 18.5-24.9 
SOVRAPPESO 25-29.9 
OBESITA’ (CLASSE I) 30-34.9 
OBESITA’ (CLASSE II) 35-39.9 
OBESITA’ (CLASSE III) >40 

BMI	o	Formula	di	Quetelet	

Limiti	del	BMI:	formula	aritmetica	che	non	misura	la	percentuale		di	grasso	
corporeo	(PBF)	,	non	tiene	conto	della	distribuzione	corporea	del	tessuto	
adiposo,	non	distingue	tra	massa	magra,	massa	grassa	e	massa	ossea.	

PESO	(Kg)/	ALTEZZA	2	(m2)	



Incremento ponderale 

370 a 420 grammi/settimana in gravidanza normale 
e paziente normopeso  
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Protein, fat and carbohydrate needs in pregnancy

As mentioned above, the incremental dietary requirements for 
human pregnancy are very modest, and hence there are no spe-
cial requirements for additional fat, carbohydrate or protein. For 
instance, the total additional protein laid down in pregnancy is 
only about 1000 g (only 450 g of which are in the baby) (Figure 
3).3 This can easily be derived from a mother’s normal intake of 
approximately 20 kg of protein during the 280 days of pregnancy, 
especially since this 20 kg is considered well in excess of the 
mother’s own needs. Note that in well-fed women pregnancy is 
a time of considerable fat gain. It is assumed that this is nature's 
way of laying down a contingency store ready for lactation. A gain 
of about 3.5 kg of fat is considered optimal.
 In energy terms the principles are similar, though the body is 
perhaps even more flexible and it has been shown that there are 
some remarkable metabolic adaptations that switch on to assist 
undernourished women to carry a pregnancy to term. To a great 

extent a natural balance appears to be achieved; thin, under-
nourished women have energy-sparing pregnancies and fatter, 
over-nourished women have energy-profligate pregnancies. This 
ability of the mother to respond differently to her circumstances 
has been an important feature of human survival and continues 
to benefit us to this day. 

Vitamin and mineral needs in pregnancy

The general principle that human pregnancy can progress quite 
adequately with only a very modest increment in a mother’s usual 
diet also holds for most micronutrients (assuming, of course, the 
mother has a varied and balanced diet). There is evidence to sug-
gest that the efficiency with which women absorb minerals such 
as calcium, iron and zinc increases in pregnancy, especially if the 
body senses imminent deficiency. The cessation of menstruation 
in pregnancy also helps to maintain iron balance. However, due to 
the expansion of blood volume that is a normal part of pregnancy, 
and the consequent anaemia experienced by some women, most 
countries advise routine iron and folic acid supplementation in 
pregnancy. 
 Many women choose to supplement their diets by taking 
multivitamin and mineral preparations. Care should be taken to 
stick to well-known brands and not to exceed the manufacturer’s 
recommendations, since it is possible to overdose and hence to 
cause other dietary imbalances.

Special groups

It is important to modify dietary advice in pregnancy to take into 
account the special needs of certain subgroups of the population. 
• Adolescent girls may need additional nutrients because they 

Recommended optimal ranges of weight gain in 
pregnancy2

BMI category (kg/m2) Recommended total gain (kg)
Low (< 19.8)  12.8–18.0 
Normal (19.8–26.0)  11.5–16.0
High (> 26.0–29.0)  7.0–11.5
Obese (> 29.0)  > 6.0

BMI, body mass index

2

Protein and energy gain in an average pregnancy

Protein
Total = 990 g

Energy
Total = 41,600 kcal

Fetus

Placenta

Uterus

Breasts

Blood 

Fat stores

Institute of Medicine 

Diabete gestazionale + obesità  4-9 kg 



�  Un incremento ponderale entro i limiti 
raccomandati dall’Institute of  Medicine è collegato 
con un esito migliore della gravidanza (solo 38% 
delle donne raggiunge l’incremento ponderale 
raccomandato negli USA) 

�  Nella realtà, le donne con basso indice di massa 
corporea prima della gravidanza aumentano meno 
di quanto consigliato, mentre, al contrario, quelle 
con alto indice di massa corporea tendono ad 
aumentare più di quanto raccomandato 

�   Un basso incremento ponderale predispone al 
difetto di crescita fetale e al parto pretermine. Un 
eccessivo incremento ponderale comporta una 
macrosomia fetale ed un aumento dei tagli cesarei 



L’OBESITA’	è	una	condizione	clinica	caratterizzata	da	un	aumento	della	
	
	percentuale	di	tessuto	adiposo	corporeo	(Percentage	Body	Fat,	PBF)		
	
in	misura	tale	da	influire	negativamente	sulla	salute.	(OMS)	

La	prevalenza	della	obesità	è	in	aumento	tanto	da	essere	considerata	
una		

EPIDEMIA		
GLOBALE	



OBESITA’	E	
GRAVIDANZA	



Negli	U.S.A.	il	31.8%	delle	donne	in	età	
riproduttiva	ha	BMI	>	30	(ACOG	2015)	

COMPLICANZE	

 

•  Antepartum 
 
•  Intrapartum 
 
•  Postpartum 
 
•  Fetali, neonatali, infantili 

Aborto spontaneo 
 
Aborto ricorrente 
 
Anomalie congenite fetali 



Diabete gestazionale 
Ipertensione arteriosa 
Preeclampsia 
Parto pretermine 
Steatosi epatica non alcolica 
Gravidanza post termine 
Sindrome delle Apnee Ostruttive 
Alterata crescita fetale 
Morte fetale Intrauterina 
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associated with differences in onset, duration and type of nutrient-
deprivation, rather than the deficiency itself.

2.3. Post-natal compensatory growth influences adult human obesity

Expanding on their findings associated with low birth weight and
obesity, Parsons and colleagues [32] observed that, for men with low
fetal birth weights and a greater percentage of their adult height by
age seven, the risk of developing obesity at age 33 is elevated compared
tomenwith lowbirthweight alone [32]. These results suggest that fetal
growth when combined with rapid compensatory childhood growth
predisposes children to obesity as adults [32]. Accordingly, children
with low birth weights and rapid compensatory growth between zero
and two years have more centralized adipose tissue at age five com-
pared with other children [42]. Similar results associated with rapid
compensatory growth and heightened susceptibility for type 2 diabetes
have been independently documented [43,44]. Perhaps the discrepan-
cies identified in the literature [41] associated with low birth weight
and adult obesity may be associated with variation in compensatory
‘catch-up’ growth or biological, socioeconomic, and demographic fac-
tors not accounted for in the study methods.

Nevertheless, epidemiological and clinical data jointly support a
developmental origin for obesity when humans are exposed to global
nutrient-restriction in utero and a higher calorie diet in adulthood
[33–40]. The relationship between high birth weight, which is corre-
lated to in utero exposure to surplus energy, and adult obesity goes
contrary to the protective effects on obesity that developmental plas-
ticity would predict. Rather, it suggests that in addition tomismatched
fetal and post-natal environments, aberrant high calorie fetal environ-
ments can combinewith a similar high calorie post-natal environment
to cause obesity.

3. Developmental origin of obesity in animal models

3.1. Maternal global nutrient-restriction and low-protein diets during
gestation cause intrauterine growth restriction by impairing placental
amino acid transfer

Maternal malnutrition, including chronic energy and micronutrient
deficiencies, remains prevalent in the non-westernized world (e.g.
Sub-Saharan Africa), where more than 20% of women have a BMI
below 18.5 [45]. Low maternal BMI is associated with intrauterine
growth restriction, and neonates are thus often born smaller-for-
gestational age [46]. To ascertain the long-term effects of maternal
nutrient-restriction on obesity of progeny, intrauterine growth restric-
tion can be modeled in rodents by restricting consumption during ges-
tation of a balanced diet, or by feeding a complete diet low in protein.
Although these experimental approaches will not be included within

the current review, intrauterine growth restriction can also be modeled
through pharmacological (e.g. elevated glucocorticoids), or surgical
(uterine artery ligation) means (see [47] for a review of the different
models).

The placenta serves as the nutritional interface between the ma-
ternal and fetal circulations via a wide array of nutrient transport sys-
tems including placental glucose transporter (GLUT3) and neutral
amino acid transporters (system A). Alterations in the placental bio-
logical barrier can therefore act to modify nutritional transport and
thus fetal development. In particular, fetal growth is strongly depen-
dent on the maternal nutrient supply for amino acids necessary to
synthesize proteins during development [48–52]. Accordingly, rodent
pups born to mothers on a low-protein diet have restricted growth in
utero due to decreased amino acid transport across the placenta
which appears prior to the restriction itself [53–55]. System A is sim-
ilarly decreased in growth-restricted humans [48–52]. In contrast, the
transport of glucose, a major energy source for the growing fetus, is
not altered in low-protein [53] or global nutrient-restricted rodent
models [56], or in humans [52]. Accordingly, the impaired growth fol-
lowing maternal nutrient-restriction is mainly due to altered amino
acid transfer [48–52].

3.2. Intrauterine growth restriction due to maternal global nutrient- or
protein-deficiency causes obesity in adult animals

As discussed above, human growth restriction early in gestation in-
creases the probability of developing obesity in later life, particularly if
combined with rapid compensatory growth after birth [29,33–40].
Studies in experimental animals such as rodents and sheep reproduce
these findings [57–62]. For example, when placed on an isoenergetic
diet containing 40% less protein per kg, female rats gave birth to pups
with 35% lower body weights and proportionally smaller organ sys-
tems, including the pancreas, liver, muscle and spleen [63]. However,
certain organs, including the brain, remain relatively unaffected [63].
Adipose tissues are also largely spared from the effects of fetalmalnutri-
tion, consistent with the thrifty phenotype hypothesis that energy
stores are preserved for survival under conditions of food scarcity fol-
lowing birth [64,65]. It is this preservation of adipose tissue mass that
also supports the developmental origin of obesity hypothesis.When de-
veloping rats are exposed to maternal nutrient-restriction through the
first 14 days of gestation, they gain significantly more body weight
and epididymal adipose tissue on a chow diet than rats that were not
exposed to nutrient-restriction [66]. If these rats are switched from
chow to a high-fat diet, males, but not females, continue to increase
their weight gain [66]. The increase in male body weight reflects an in-
crease in epididymal and retroperitoneal adipose tissue, due to adipo-
cyte hypertrophy. Although females do not gain significantly more
body weight following transfer onto a high-fat diet, there is a trend
toward larger adipose depots and adipocyte size (Table 1). However,
female rats do gain body weight and adiposity on either chow or high
fat diet if food restriction is initiated at the beginning [67] or even at
day 10 of gestation [68–70]. Similar results are found with pups born
tomothers fed a low-protein diet throughout gestation [71–74]. Specif-
ic gestational timing of maternal nutrient-deprivation also appears to
be important in other models. For example, lambs exposed to maternal
nutrient-restriction between gestational day 28–80, the maximum pe-
riod of placental growth, have elevated levels of adipose deposition
late in gestation [75], whereas if the deprivation occurs after 110 days
of gestation, adipose tissue mass is decreased [29,75–77]. It should be
noted, however, that increased adiposity of rodent offspring exposed
to maternal food restriction has not been uniformly observed when an-
imals were weaned onto a regular chow diet [66,70,73,74,78], and dif-
ferences in results might be accounted for by the extent of protein-
(30% [73] vs 40% [74]), or nutrient-restriction (50% [70] vs 70% [78]),
or animal model used (C57BL/6J mice [73,78] versus Sprague Dawley
rats [70,74]).
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Fig. 1. Epidemiological studies have described a J- or U-shaped relationship between
birth weight (a marker of fetal nutritional exposure) and the propensity to develop
obesity in adulthood.
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Crescita materna & crescita fetale 

Ipotesi di relazione tra peso fetale (marker di esposizione nutrizionale) e 
propensione allo sviluppo di obesita’ nella vita adulta 

or adult obesity [38–40] and b) that low birth weight or small for ges-
tational age was also associated with high adult BMI. More specifical-
ly, for LGA infants, Adair et al. quantified that for every 1 kg increase
in birth weight, BMI at age 21 increased by 1.102 kg/m2 in women
and 0.645 kg/m2 in men [41]. Eriksson et al. found that for every
1 kg increase in birth weight, fat-free mass in adult men increased
by 2.2 kg and by 2.7 kg in adult women [42]. Such findings provide di-
rection for further research to examine the relationship between
birth weight and later body composition, as the distribution and met-
abolic activity of adipose tissue may be as important as adipose tissue
mass.

Two studies focused more specifically on the relationship between
birth weight and overweight/obesity in later life. Johannsson et al.
found that infants whose birth weight was above the 85th percentile
were twice as likely to be overweight at age 15 than those whose
birth weight was less than the 85th percentile [35]. Leong et al.
noted a similar relationship in adults of both extremely high and ex-
tremely low birth weights. In adult women with a birth weight lower
than 2.3 kg, the odds ratio of having an adult BMI of 30 or greater ver-
sus below 25 was 1.67 and for the same outcome was 1.99 for women
with a birth weight of 4.5 kg or more [43]. Thus, in these investiga-
tions, low birth (and the subsequent sequelae of ex utero weight
gain, or catch-up growth) or high birth weight, was consistently asso-
ciated with increased adult weight and obesity risk suggesting nega-
tive effects of either low or high maternal energy intake status during
pregnancy on risk of obesity in adult offspring.

Although the majority of the studies were cohort studies done in
developed countries, two were based on data from developing
countries [41,44]. The developing nation setting is important for
future research given that, on the whole, these are environments
where obesity is an emerging phenomenon and has not yet reached
the overwhelming proportions that it has in developed nations.
By conducting research in this setting, more data may be collected
regarding the complex interplay of environmental factors in
obesogenic environments with high or low birth weight. In addition,
we are just beginning to see the effect of high birth weight on adult
BMI, as the epidemic of obesity has only recently overwhelmed re-
productive age women in the developed world. As women in these
countries reach reproductive age, it is necessary to gather compre-
hensive prospective data to inform public policy and better counsel
this population.

It should also be noted that catch‐up growth seen as a typical (but
presumably not inevitable) sequelae to low birth weight may contrib-
ute to high BMI in adults born SGA. For example, one study found that
in the period between ages 22 and 30, individuals born SGA had
greater increases in BMI than subjects of the same age born AGA
[36]. Whether catch‐up growth during childhood or adult gains in
BMI are more deleterious to long-term health requires further inves-
tigation. A retrospective birth cohort study that combined these hy-
potheses compared the growth at various time points of subjects
who were in the lowest third of birth weight and highest third of
adult weight at age 33. Subjects whose birth weight was in the lowest
third centile had a significantly divergent growth curve than the con-
trol cohort with higher weights and BMIs persisting from age 11 on-
ward, suggesting a gradual excess weight gain over time [37].

4. Mechanisms which link prenatal nutrition and offspring weight

The molecular mechanisms governing in utero programming of
obesity are complex and not yet fully understood. However, animal
studies have demonstrated that maternal nutritional status during
pregnancy can affect certain pathways in the developing fetus that
contribute to greater risk of metabolic dysregulation and obesity later
in life. Maternal diabetes has already been established as a clear risk
factor for offspring obesity [45,46], but even in the absence of diabetes,
animal studies have shown that maternal overnutrition can have a

serious deleterious impact on offspring health. The primary mecha-
nisms that are thought to contribute to fetal programming of obesity
are neuronal regulation of appetite and food intake, adipose tissue
physiology, altered energy metabolism and inflammation (Fig. 1).

4.1. Neural control of energy homeostasis

The neural pathways that regulate appetite and feeding behavior
are complex and affected by a variety of different factors. The nucleus
accumbens and the hypothalamus are the two areas of the brain in
the developing fetus that have been most conclusively established
to link maternal diet and offspring feeding behavior. Signaling be-
tween these and other areas of the brain and other organs in the
body is critical to the development and function of a normal appetite
control system. Alteration of these signaling pathways can lead to im-
paired development and disruption of normal energy homeostasis.

Animal studies have demonstrated that maternal obesity affects
the expression of critical hypothalamic neuropeptides in the offspring
[47–49]. Maternal obesity has also been shown to disrupt the devel-
opment of hypothalamic neural projections known to be important
for the regulation of energy homeostasis [50,51]. However, additional
research is needed to elucidate the underlying mechanisms before
any definite conclusions are reached.

While it is not yet known exactly how maternal obesity causes
these deleterious changes in fetal and neonatal brain development,
the hormone leptin is thought to be a key participant. Leptin has
been shown to be critical for the development of hypothalamic neural
projections, as leptin-deficient mice have disrupted neural pathways
[52]. In vitro tests have also confirmed that leptin promotes neurite
outgrowth from hypothalamic neurons and neurons taken from off-
spring of obese rats show a blunted response to the effects of leptin
[50,52]. Leptin also affects the formation of excitatory and inhibitory
synapses at neurons in the hypothalamus that regulate appetite. Lep-
tin deficient mice exhibit fewer stimulatory synapses with anorexi-
genic neurons and more excitatory synapses with orexigenic
neurons. Treatment with leptin has been shown to reverse this
trend [53].

Leptin is also a critical signaling molecule that helps the body
regulate energy homeostasis. It binds to receptors in the hypothala-
mus and regulates the release of neuropeptides, which have both in-
hibitory and stimulatory effects on appetite. Studies in sheep have
shown that, coincident with increased offspring adiposity, leptin

Fig. 1. Mechanisms postulated to be involved in transgenerational obesity.
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receptor is down-regulated in the lamb hypothalamus as a result of
maternal overnourishment. This leptin resistance in the offspring
may persist into adulthood and contribute to the development of
obesity [49]. Rats born to obese mothers are also leptin resistant,
as indicated by the inability of leptin administration to alter food in-
take or body weight over a 24-hour period compared with control
offspring [51].

Leptin also influences reward signaling in the brain by acting on
the dopaminergic system in the nucleus accumbens. Obesity has
been associated with attenuated dopamine release and maternal
high-fat feeding in rats alters dopamine signaling in the offspring
[54,55]. Leptin plays a critical role in the development of dopamine
signaling pathways in the brain and animal studies have shown that
leptin deficient mice exhibit decreased dopamine synthesis and re-
lease [56]. Also, direct administration of leptin to the nucleus
accumbens decreases food intake and knockdown of leptin receptor
in this area leads to increased food intake and sensitivity to palatable
foods [57]. Similarly, administration of leptin to leptin-deficient indi-
viduals diminishes the perception of food reward in the fed state and
results in decreased wanting of food [58].

Supporting the potential role of leptin in neural development and
regulation of feeding behavior, many studies have demonstrated that
maternal obesity alters leptin levels in offspring. Maternal high-fat
feeding in rats resulted in higher serum leptin levels in their offspring
at weaning compared to offspring of control fed rats [59]. Offspring of
obese rats also had higher plasma leptin levels at post-natal day 16
[60]. In general, maternal obesity appears to lead to elevated leptin
levels in the offspring, who also exhibit a prolonged leptin “surge”, a
normal developmental period during which leptin levels rise tran-
siently [47,51].

4.2. Altered adipose tissue development

Maternal overnutrition also affects adipose tissue physiology in
the developing fetus. Not only are offspring of obese mothers born
with higher birth weight, but they also exhibit greater adiposity, in-
creased intramuscular lipid deposition and decreased muscle fiber
development [61,62]. Studies in rats have also shown that maternal
overnutrition results in offspring adipocyte hypertrophy [63,64].

The most likely mechanism by which maternal obesity affects off-
spring adiposity is through changes in expression and activity of
genes involved in adipogenesis. Peroxisome proliferator-activated re-
ceptor γ (PPARγ) and AMP-activated protein kinase (AMPK) are the
most promising candidates that have been demonstrated to be affect-
ed by maternal nutrition status. PPARγ, a nuclear transcription factor
that plays a critical role in adipocyte differentiation, is increased in
skeletal muscle and adipose tissue of rats and sheep born to obese
mothers [61,65]. Conversely, AMPK activity is decreased in fetal skel-
etal muscle and heart tissue [61,62,66]. Inhibition of AMPK results in
increased activity of acetyl-coa carboxylase (ACC), a key enzyme in
the biosynthetic pathway of fatty acids. Additionally, AMPK has
been shown to repress the transcriptional activity of PPARγ, perhaps
via phosphorylation of the PPARγ coactivator p300. [67] In vitro tests
with 3T3-L1 cells have supported the idea that AMPK activation in-
hibits adipocyte differentiation [68]. Likewise, inhibition of AMPK
leads to increased PPARγ activity [61]. Thus, the data suggest a role
for PPARγ and AMPK in the increased adiposity noted in offspring of
obese mothers. Spalding et al. have demonstrated that the number
of fat cells in humans is determined early in life [69]. If maternal obe-
sity programs the development of adipose tissue in the offspring,
these changes would persist throughout adulthood and predispose
the offspring to greater lipid accumulation compared with their
leaner counterparts. How exactly this programming occurs and per-
sists later into life has yet to be determined and warrants further
research.

4.3. Altered energy metabolism

Animal models have also indicated that mitochondrial dysfunction
may play a part in the development of obesity in the offspring of
obese mothers. Mitochondria are the site of β-oxidation of fatty
acids and are responsible for energy production in cells. Diminishing
the cell's ability to oxidize fatty acids for fuel may result in decreased
mobilization of fat stores, decreased efficiency of using lipids for ener-
gy production, and increased likelihood of accumulating lipid within
muscle and adipose tissue.

In a recent study, researchers whowere investigating the effects of
maternal diet on the risk of offspring developing nonalcoholic fatty
liver disease (NAFLD) discovered decreased hepatic mitochondrial
electron transport chain (ETC) activity [70]. Another study demon-
strated decreased ETC activity in male offspring of obese mothers
[71]. Decreased ETC activity within mitochondria may result in de-
creased lipid oxidation, making it more difficult for these animals to
metabolize fatty acids for fuel.

Maternal nutrition has also been shown to influence uncoupling
protein 1 (UCP1) levels in fetal adipose tissue. Muhlhausler et al.
found an inverse relationship between leptin expression and UCP1
expression in the perirenal adipose tissue of sheep born to overfed
mothers [72]. UCP1 is expressed predominantly in brown adipose tis-
sue (BAT) and allows for the quick dissipation of energy as heat,
bypassing the production of ATP. Reduction in UCP1 activity may re-
sult in decreased mobilization of fatty acids for oxidation and, subse-
quently, greater retention of lipid in the tissues. However, the
contribution this might have to the development of obesity in
humans is unknown, due to the much greater abundance of BAT in
animals. Research in rats has shown similar reductions in UCP1 levels
in BAT of obese adults fed a high fat diet [73]. It remains to be deter-
mined what causes this reduction in UCP1, and future studies should
attempt to determine if these changes noted in the fetus persist into
adulthood.

4.4. Inflammation

Obesity is known to be associated with chronic, low-grade inflam-
mation, characterized by higher levels of inflammatory cytokines and
signaling molecules. Circulating levels of Il-6 and CRP were signifi-
cantly increased in obese women in the third trimester of pregnancy
compared with their lean counterparts [74,75] and CRP is elevated in
cord plasma of offspring of type 1 diabetic mothers [76]. TNFα is also
elevated during the third trimester of pregnancy in diabetic mothers
and positively correlated with BMI [77], although this finding has
not been reproduced consistently in all studies [75,78].

Several studies have shown that an inflammatory state in the
mother can contribute to greater offspring adiposity. Direct treatment
of pregnant rats with either TNFα or IL-6 results in increased off-
spring body weight and fat mass compared to vehicle treatment
[79]. Offspring adiposity also strongly correlates with maternal IL-6
levels [80]. Elevated inflammatory markers in the mothers could con-
tribute to an increased inflammatory state in the offspring, as
evidenced by higher levels of TNFα and IL-6 [62,64,81]. Maternal obe-
sity also induces macrophage accumulation and increases expression
of inflammatory cytokines in the placenta [78].

The potential role of these inflammatory mediators in the pro-
gramming of obesity is not yet fully understood. The data from animal
studies investigating the role of IL-6 in fetal programming of obesity
has been inconsistent [82]. Another candidate cytokine, TNFα, im-
pairs insulin sensitivity and contributes to the exacerbation of obesity
as a result of high fat feeding and obesity [83,84]. Additionally, TNFα
impairs preadipocyte differentiation, possibly contributing to ectopic
lipid accumulation in tissues like liver and muscle [85]. Conversely, it
has been suggested that TNFα may actually induce adipogenesis, via
inhibition of AMPK [86]. TNFα may also play a role in energy

142 S. Sen et al. / Physiology & Behavior 107 (2012) 138–145

receptor is down-regulated in the lamb hypothalamus as a result of
maternal overnourishment. This leptin resistance in the offspring
may persist into adulthood and contribute to the development of
obesity [49]. Rats born to obese mothers are also leptin resistant,
as indicated by the inability of leptin administration to alter food in-
take or body weight over a 24-hour period compared with control
offspring [51].

Leptin also influences reward signaling in the brain by acting on
the dopaminergic system in the nucleus accumbens. Obesity has
been associated with attenuated dopamine release and maternal
high-fat feeding in rats alters dopamine signaling in the offspring
[54,55]. Leptin plays a critical role in the development of dopamine
signaling pathways in the brain and animal studies have shown that
leptin deficient mice exhibit decreased dopamine synthesis and re-
lease [56]. Also, direct administration of leptin to the nucleus
accumbens decreases food intake and knockdown of leptin receptor
in this area leads to increased food intake and sensitivity to palatable
foods [57]. Similarly, administration of leptin to leptin-deficient indi-
viduals diminishes the perception of food reward in the fed state and
results in decreased wanting of food [58].

Supporting the potential role of leptin in neural development and
regulation of feeding behavior, many studies have demonstrated that
maternal obesity alters leptin levels in offspring. Maternal high-fat
feeding in rats resulted in higher serum leptin levels in their offspring
at weaning compared to offspring of control fed rats [59]. Offspring of
obese rats also had higher plasma leptin levels at post-natal day 16
[60]. In general, maternal obesity appears to lead to elevated leptin
levels in the offspring, who also exhibit a prolonged leptin “surge”, a
normal developmental period during which leptin levels rise tran-
siently [47,51].

4.2. Altered adipose tissue development

Maternal overnutrition also affects adipose tissue physiology in
the developing fetus. Not only are offspring of obese mothers born
with higher birth weight, but they also exhibit greater adiposity, in-
creased intramuscular lipid deposition and decreased muscle fiber
development [61,62]. Studies in rats have also shown that maternal
overnutrition results in offspring adipocyte hypertrophy [63,64].

The most likely mechanism by which maternal obesity affects off-
spring adiposity is through changes in expression and activity of
genes involved in adipogenesis. Peroxisome proliferator-activated re-
ceptor γ (PPARγ) and AMP-activated protein kinase (AMPK) are the
most promising candidates that have been demonstrated to be affect-
ed by maternal nutrition status. PPARγ, a nuclear transcription factor
that plays a critical role in adipocyte differentiation, is increased in
skeletal muscle and adipose tissue of rats and sheep born to obese
mothers [61,65]. Conversely, AMPK activity is decreased in fetal skel-
etal muscle and heart tissue [61,62,66]. Inhibition of AMPK results in
increased activity of acetyl-coa carboxylase (ACC), a key enzyme in
the biosynthetic pathway of fatty acids. Additionally, AMPK has
been shown to repress the transcriptional activity of PPARγ, perhaps
via phosphorylation of the PPARγ coactivator p300. [67] In vitro tests
with 3T3-L1 cells have supported the idea that AMPK activation in-
hibits adipocyte differentiation [68]. Likewise, inhibition of AMPK
leads to increased PPARγ activity [61]. Thus, the data suggest a role
for PPARγ and AMPK in the increased adiposity noted in offspring of
obese mothers. Spalding et al. have demonstrated that the number
of fat cells in humans is determined early in life [69]. If maternal obe-
sity programs the development of adipose tissue in the offspring,
these changes would persist throughout adulthood and predispose
the offspring to greater lipid accumulation compared with their
leaner counterparts. How exactly this programming occurs and per-
sists later into life has yet to be determined and warrants further
research.

4.3. Altered energy metabolism

Animal models have also indicated that mitochondrial dysfunction
may play a part in the development of obesity in the offspring of
obese mothers. Mitochondria are the site of β-oxidation of fatty
acids and are responsible for energy production in cells. Diminishing
the cell's ability to oxidize fatty acids for fuel may result in decreased
mobilization of fat stores, decreased efficiency of using lipids for ener-
gy production, and increased likelihood of accumulating lipid within
muscle and adipose tissue.

In a recent study, researchers whowere investigating the effects of
maternal diet on the risk of offspring developing nonalcoholic fatty
liver disease (NAFLD) discovered decreased hepatic mitochondrial
electron transport chain (ETC) activity [70]. Another study demon-
strated decreased ETC activity in male offspring of obese mothers
[71]. Decreased ETC activity within mitochondria may result in de-
creased lipid oxidation, making it more difficult for these animals to
metabolize fatty acids for fuel.

Maternal nutrition has also been shown to influence uncoupling
protein 1 (UCP1) levels in fetal adipose tissue. Muhlhausler et al.
found an inverse relationship between leptin expression and UCP1
expression in the perirenal adipose tissue of sheep born to overfed
mothers [72]. UCP1 is expressed predominantly in brown adipose tis-
sue (BAT) and allows for the quick dissipation of energy as heat,
bypassing the production of ATP. Reduction in UCP1 activity may re-
sult in decreased mobilization of fatty acids for oxidation and, subse-
quently, greater retention of lipid in the tissues. However, the
contribution this might have to the development of obesity in
humans is unknown, due to the much greater abundance of BAT in
animals. Research in rats has shown similar reductions in UCP1 levels
in BAT of obese adults fed a high fat diet [73]. It remains to be deter-
mined what causes this reduction in UCP1, and future studies should
attempt to determine if these changes noted in the fetus persist into
adulthood.

4.4. Inflammation

Obesity is known to be associated with chronic, low-grade inflam-
mation, characterized by higher levels of inflammatory cytokines and
signaling molecules. Circulating levels of Il-6 and CRP were signifi-
cantly increased in obese women in the third trimester of pregnancy
compared with their lean counterparts [74,75] and CRP is elevated in
cord plasma of offspring of type 1 diabetic mothers [76]. TNFα is also
elevated during the third trimester of pregnancy in diabetic mothers
and positively correlated with BMI [77], although this finding has
not been reproduced consistently in all studies [75,78].

Several studies have shown that an inflammatory state in the
mother can contribute to greater offspring adiposity. Direct treatment
of pregnant rats with either TNFα or IL-6 results in increased off-
spring body weight and fat mass compared to vehicle treatment
[79]. Offspring adiposity also strongly correlates with maternal IL-6
levels [80]. Elevated inflammatory markers in the mothers could con-
tribute to an increased inflammatory state in the offspring, as
evidenced by higher levels of TNFα and IL-6 [62,64,81]. Maternal obe-
sity also induces macrophage accumulation and increases expression
of inflammatory cytokines in the placenta [78].

The potential role of these inflammatory mediators in the pro-
gramming of obesity is not yet fully understood. The data from animal
studies investigating the role of IL-6 in fetal programming of obesity
has been inconsistent [82]. Another candidate cytokine, TNFα, im-
pairs insulin sensitivity and contributes to the exacerbation of obesity
as a result of high fat feeding and obesity [83,84]. Additionally, TNFα
impairs preadipocyte differentiation, possibly contributing to ectopic
lipid accumulation in tissues like liver and muscle [85]. Conversely, it
has been suggested that TNFα may actually induce adipogenesis, via
inhibition of AMPK [86]. TNFα may also play a role in energy
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causes a decrease in pancreatic β-cell mass and dysfunction, whichmay
contribute to the glucose intolerance identified in the adult animals
[89–93]. Themechanisms driving this decrease inβ-cells are dependent
upon the model of nutritional deficiency.With in utero global nutrient-
restriction, the decrease in fetal and early postnatal β-cell mass is asso-
ciated with an elevation in plasma glucocorticoids, which in turn
increases PGC-1α and impairs β-cell differentiation [90,94,95]. How-
ever, with protein-restricted models, reduced islet mass results from a
decrease in vascularization [90,91], β-cell proliferation [90,91] and
increased susceptibility to β-cell apoptosis [96]. With both models of
gestational nutrient-restriction [89,96], decreased islet mass and dys-
functional β-cells result in lower insulin secretion. Although a severe
decrease in β-cell mass can obviously cause diabetes, β-cells have a re-
markable ability to compensate by increasing insulin production [97].
Accordingly while fetal nutrient-deficiency impairs early development
and function of β-cells, the islets appear to readily compensate for
insulin-resistance that occurs with later obesity. Indeed, in adult

rodents exposed to maternal nutrient-deficiency, hyperinsulinemia is
observed, although not enough to combat glucose intolerance.

3.6. Decreased energy expenditure in the semistarvation–refeedingmodel
causes adipose tissue deposition and associated metabolic complications

To control for the effects of hyperphagia on adipose tissue devel-
opment following a period of nutrient-restriction, Dulloo and col-
leagues have used a rat model of semistarvation–refeeding. In this
model, male Sprague–Dawley rats ranging in age from 21 days to
7 weeks are food restricted to 50% of their spontaneous food intake
for two weeks, and then refed with the diet at a level equal to the me-
tabolizable energy content of control rats matched for weight at the
onset of refeeding [98–100]. Rats under the semistarvation–refeeding
conditions have reduced energy expenditure and while they gain
equal amounts of lean mass as their controls, their fat mass is in-
creased more than two-fold [98]. One week following refeeding,
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Fig. 2. Fetal exposure to maternal global- or protein-restriction during gestation decreases amino acid transfer through the placenta leading to intrauterine growth restriction
(IUGR). IUGR leads to decreased β-cell mass and altered timing (IUGR indicated in red, control in black) or amplitude of the developmental leptin surge. The decrease surge con-
tributes to leptin resistance, increased orexigenic neuropeptide production and hyperphagia. Compensatory growth may favor deposition of adipose tissue with energy
redistributed from insulin-resistant skeletal muscle toward insulin-sensitive adipocytes.

499S.D. Parlee, O.A. MacDougald / Biochimica et Biophysica Acta 1842 (2014) 495–506



Longer body lengths are passed onto the second generation through ei-
ther the maternal or paternal lineages, and into the third generation to
females via the paternal lineage alone. The inheritance of body length ap-
pears to be due to increased IGF-1/IGFBP-3 mediated growth [154,155].
A potential mechanism is that reduced promoter methylation of the
growth hormone secretagogue receptor gene increases expression of

its mRNA. Elevated release of growth hormone from the anterior pitui-
tary then induces IGF-I production from the liver [154]. In addition, the
paternal passage of elevated body length to third-generation females
suggests a stable alteration in the paternal germ line governing body
growth, although the mark has yet to be identified. It is conceivable
that common epigenetic mechanisms, such as DNA methylation and
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Fig. 3. Exposure to maternal obesogenic diet through gestation and lactation increases placental inflammation resulting in modified amino acid transport and fetal growth including
decreased β-cell mass. Following birth, maternal high fat diet consumption through lactation increases milk volume and lipid concentration, increasing circulating blood lipids, and
causing neonatal neuroepithelial cells to undergo mitosis, differentiation and translocation into the hypothalamus where they elevate levels of orexigenic neuropeptides. When
combined with accompanying leptin resistance, this increase in orexigenic neuropeptide production stimulates offspring hyperphagia and obesity.
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Nutrizione in gravidanza  

Ipoglicemia a digiuno 

Iperglicemia post prandiale 

Insulino-
resistenza 

Glucosio al 
feto 

Aumentata 
produzione 
insulinica 

necessità di controllare precocemente le abitudini alimentari 
scegliendo opportunamente gli alimenti e suddividendoli in 

pasti piccoli e frequenti 



Raccomandazioni 
• La dieta deve essere variata:  

     è necessario consumare tutti i giorni alimenti ricchi di ferro, di calcio e di 
proteine (carne, uova, legumi freschi, formaggi freschi, pesce di mare) da 
distribuire durante la giornata in cinque pasti, piccoli e frequenti, a distanze 
regolari.  

• Bisogna evitare un consumo eccessivo di zucchero, dolci, cioccolata, frutta.  

• Non bisogna mai saltare un pasto, anche in mancanza d’appetito; bisogna 
evitare il digiuno prolungato. Ultimo spuntino prima di andare a letto e prima 
colazione più presto possibile.  

• È opportuno l’autocontrollo settimanale dell’aumento ponderale, che deve 
essere rapportato al peso pre-gravidico.  

• È consigliabile una moderata attività fisica.  

• Le donne obese prima della gravidanza devono controllare più spesso la 
pressione arteriosa, la glicemia, la crescita fetale ed il volume del liquido 
amniotico; inoltre devono aumentare poco di peso.  



Consigli dietetici 
Necessario un equilibrio fra i vari tipi d’alimenti.  

�  Molte gravide mangiano troppi grassi, pochi carboidrati e fibre vegetali.  

�  60 grammi di proteine nella dieta/die 

�  3-4 porzioni di derivati del latte, 2- 3 porzioni di carne, pesce o uova, 3 
porzioni di frutta, 4-5 porzioni di verdura od ortaggi, 7-8 porzioni di cereali 
e legumi 

�  Tipo di carboidrati nella dieta: il differente indice glicemico dei carboidrati 
cambia la risposta della glicemia e dell’insulinemia dopo i pasti ed anche la 
risposta glicemica all’esercizio fisico. Nutrendosi con carboidrati ad alto 
indice glicemico aumenta eccessivamente la crescita feto-placentare e 
l’incremento ponderaleà   carboidrati a basso indice glicemico  



Grazie per l’attenzione 


